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REMARKS 

The present application accompanies a Request for Continued Examination under 
37 CFR 1.114. Applicants request that the present application be withdrawn from appeal, and 
that prosecution of the application be reopened before the Examiner. Claims 1-22 and 28 are 
presently cancelled. Claims 23-27 and 29-31 were previously cancelled. New claims 32-55 are 
presently added. Support for the new claims is found in the claims as filed and in the 
specification at, for example, 11:17-18 and 22, 12:10-14, 15:1-3 and 25-29, and the Examples 
section. 

The present invention is directed to methods for producing colored diamonds, 
including neon yellow-green diamonds, yellowish green diamonds and greenish yellow 
diamonds, from natural brown diamonds. 

The Arguments made in the Amendments dated October 9, 2003 and March 8, 
2004 in response to the Office Actions are hereby incorporated by reference. Applicants 
respectfully submit the following arguments in support of patentability. 

J. The Claims Are Not Obvious Under 35 US.C. §103(a) Over Strong Alone Or Taken 
With Wentorf. 

Strong (U.S. 4,124,690) teaches the conversion of Type lb or mixed Type Ib-Ia 
natural diamond having a starting color of "greenish-yellow" to "yellow", to at least a shade of 
lighter yellow, i.e. to a very pale yellow or a "colorless" diamond (Strong 6:40-50). In the 
method of Strong, Type lb nitrogen is at least partially converted to Type la nitrogen. 

Wentorf (U.S. 3,609,818) discloses a high pressure, high temperature apparatus 
for the preparation of stronger, thicker diamond "compacts," wherein a mass of diamond crystals 
is infused with a molten catalyst material. 

The presently claimed invention is directed to a method for changing the color of 
a brown natural diamond, wherein the brown natural diamond is Type laB, Type IaA/B, Type 
IaA or Type lb diamond. The method of claim 32 includes placing the diamond in a pressure 
transmitting medium, consolidating the pressure transmitting medium into a pill, exposing the 
pill to an elevated pressure of at least 10 kilobars and an elevated temperature of greater than 
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1 500°C within the graphite stable or diamond stable range of the carbon phase diagram for a time 
sufficient to change the color of the diamond 3 and recovering the diamond having a color. The 
method of claim 47 includes placing the brown natural diamond in a pressure transmitting 
medium, subjecting the medium to a sufficiently high pressure and high temperature for a time 
sufficient to change the color of the diamond to a fancy color and recovering the diamond. 

The claims are not obvious under 35 U.S.C. §103(a) over Strong, alone or taken 
in consideration with Wentorf/ Strong fails to teach or suggest a method for changing the color 
of brown natural diamond, as claimed herein. Strong does not teach or suggest exposing a brown 
natural diamond to high pressure and high temperature for a time sufficient to change the 
diamond's color, and rather solves another problem which is that for converting a diamond with 
Type lb nitrogen that is greenish yellow to yellow in color into a diamond with Type la nitrogen 
that is lighter yellow or colorless. 

In Type lb diamonds, most of the nitrogen is atomically dispersed- (Strong 1 : 17- 
18). Isolated nitrogen atoms are also known as C Centers, and where these axe the primary color 
center, and in the absence of colorization from plastic deformation or strain, they give a diamond 
a yellow color. (See Application at 2:2 and 2:29-31). Type lb diamond lattice ha$ the general 
structure shown below (with open circles representing carbon atoms, grey circles representing 
single nitrogen atoms): 



Strong converts diamonds having primarily Type lb nitrogen into diamonds 
having Type la nitrogen, or mixed Type la and lb nitrogen structures. In Type la diamonds, 
most of the nitrogen is aggregated (Strong 1:15-16). The aggregated nitrogen in Type la 
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diamonds appears as nitrogen pairs (called A Centers) or clusters of four nitrogen atoms (called 
B Centers). These color centers in Type la diamond lattice have the general structure shown 
below: 



If all of the nitrogen is found in A or B Centers, the diamond will be colorless (See Application 
2:28-29; Strong 6:40-46). A diamond with both A or B Centers and C Centers will have some 
residual yellow color caused by the presence of C Centers (See Application 2:29-3:1; Strong 
2:50-56 and 6:40^50), 

Strong teaches reducing or eliminating color from diamonds with Type lb 
nitrogen by converting Type lb nitrogen structure to Type la nitrogen structure. Strong does not 
teach any method of converting a colored diamond from one color to another; that is, Strong 
does not teach the creation of new color centers, Strong's process appears to cause single 
nitrogen atoms to aggregate into nitrogen pairs Or clusters of four nitrogen atoms. Thus, Strong 
treats diamonds with C Centers in order to reduce the number of C Centers. 

The present claims are directed to changing color or creating a new color center 
that adds color to brown natural diamonds, not to making diamonds colorless. In natural 
diamonds, brown is not merely a color, but is also a characteristic of diamond structure. Brown 
color in natural Type I diamonds can arise from the presence of mixed color centers as well as 
plastic deformation in the crystal (See Application at 4:3-13 and Alan T. Collins et al., Colour 
Changes Produced in Natural Brown Diamonds by High-Pressure, High-Temperature 
Treatment, Diamond and Related Materials 9, 113 (2000), specifically page 118 (attached hereto 
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as Avvendix 1) . Brown natural diamonds may comprise A, B, C Centers, or strain induced color 
or combinations thereof. An example of such a plastic deformation and its treatment is 
illustrated in the Figure presented below.). 



Strong describes treating a yellow diamond, i.e. one that appears to lack any structural 
characteristics of brown diamonds. Strong*s diamond contained a large proportion Of optically 
active C Centers and no strain; if significant strain had been present in the Strong diamond, it 
would have been brown. The present invention, however, treats diamonds that are brown prior 
to treatment. Accordingly, the starting diamond used by Strong is structurally different than that 
of the presently claimed invention. 

The present invention causes a change in the color of brown diamonds by the 
creation of new color centers, such that the resulting diamond has a color. As described in the 
specification, this may be accomplished by the formation of H3 Centers by HPHT treatment (See 
Application at 1 1:15-12: 1 4). An H3 Center is known to one skilled in the art as a nitrogen pair 
that surrounds a vacancy in the diamond lattice, as shown in the diagram below, HPHT 
annealing can lead to the formation of H3 centers by the combination of A centers with 
vacancies, imparting a color. Thus, claims 32 and 47 claim processing under conditions that 
Change a brown diamond to a colored diamond of a different color, which is neither taught nor 
suggested by Strong or Wentorf. The method may increase the ratio of H3 Centers to A Centers 
in the annealed diamond, as claimed in dependent claims 40 and 51. The H3 Centers may impart 
a neon yellow-green, yellowish green or greenish yellow color to the diamond, as claimed in 
dependent claims 38 and 52, Thus, there is a particular structural change on the atomic level 
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associated with starting with a brown natural diamond and changing its color by a high pressure 
high temperature process to create new color centers. The recovered diamonds of the invention 
therefore include a changed structural arrangement, i.e. the creation of a new color center, which 
imparts a color to the diamond. 



Strong does not teach or suggest a structural change in brown natural diamonds as a result of 
HPHT annealing, as claimed herein, and does not appreciate that such structural change can 
create new color centers in the diamond that impart new color. 

Further, Strong teaches away from the claimed invention in its quest for a lighter 
and/or colorless diamond. The objective Of Strong is to reduce or eliminate the color of Type lb 
or mixed Type lb-la diamond crystals, i.e. starting with "a greenish-yellow to a yellow" diamond 
(Strong 2:48) to yield Type la diamond with " a very pale yellow and/or a colorless crystal " 
(Strong 6:47-48, emphasis added). The present claims, by contrast, recite a method that is aimed 
at changing (rather than reducing or eliminating) the color of a brown natural diamond. 

In summary, Strong fails to disclose a starting brown natural diamond, fails to 
teach or suggest applying Applicant's claimed high pressure high temperature process to a 
brownish natural diamond to impart color, and fails to teach or suggest a change in diamond 
color associated with the formation of a new color center. For all of the above reasons, 
Applicants respectfully submit that the claims are patentable over Strong, 
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Furthermore, Wentorf fails to cure the deficiencies of Strong, In particular, j 
Wentorf fails to teach or suggest changing the Color of a diamond at all, let alone changing the 
color of a brownish natural diamond. Moreover, Wentorf does not teach the use of a pill as 
recited in claim 32. 

One stalled in the art would not be motivated to combine the teachings of the 
Strong reference with those of Wentorf, First, the method of Wentorf relates to the formation of 
"compacts" which are polycrystalline diamond masses (Wentorf 1:31-32 and 12-13) for use in 
abrading tools (Wentorf 2:1-2). It does not relate to the problem of HPHT annealing of 
diamonds to impart a color change. In particular* Wentorf fails to teach or suggest a method of 
converting Type lb nitrogen to Type la nitrogen diamonds, or even any diamonds, and therefore 
one skilled in the art would not look to Wentorf to supplement the teachings of Strong to obtain 
the presently claimed invention. Applicants respectfully submit, therefore, that Wentorf is 
nonanalogous art, and as such should not be applied against the presently claimed invention. 

Second, Wentorf actually teaches away from the use of a pill as recited in claim 
32. One characteristic of the claimed pill is that it must transmit hydrostatic pressure without j 
loss as a continuum onto diamond surfaces in the HPHT apparatus (See Application at 15:8-9). j 
Wentorf, however, appears to address the opposite goal, that of creating a "mechanically 
unstable" assembly enclosing a treated mass (Wentorf 4:23 and 54), Wentorf describes cylinder 

i 

19 enclosing a mass of diamond particles and graphite (Wentorf 3:49-50). Wentorf teaches that 
compaction occurs within the enclosed mass, when subjected to pressure and temperature, which 
causes cracking of the mass (Wentorf 4:48-54). The cracking of the mass enables the movement 
of metal catalyst and pressure distribution material into the cracks (Wentorf 4:62-64). One of 
skill in the art would not be motivated by the teaching of Wentorf to use a pill as in claim 32 
because Wentorf does not transmit hydrostatic pressure without loss as a continuum onto the 
treated mass. Moreover* cracking within the annealed mass as noted by Wentorf would be an 
undesirable result in the presently claimed invention. 

For the foregoing reasons, the claims are not rendered obvious by Strong alone or 
in combination with Wentorf. Claims 33-45 and 47-55 depend directly and indirectly ftom 
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independent claims 32 and 46 and further define the method of the present invention. These i 

j 

claims further distinguish the claimed invention from the disclosures of Strong and Wentorf. i 

IL The Claims Are Not Obvious Under 35 US. C 103(A) Over Cannon j 

i 

! 

Cannon (U.S. 3,134,739) discloses a method of whitening diamonds and changing j 
the electrical characteristics of diamonds. Cannon relates to an electrically conductive diamond j 
containing aluminum atoms introduced through a diffusion process. In particular, the method of j 
Cannon as recited at 6:66-70 is directed to the production of "colorless diamonds". j 

i 

As described above with regard to Strong, the presently claimed invention is 
directed to changing or imparting new color to brown natural diamonds, not to making diamonds 
colorless. Cannon appears to teach a method that yields colorless diamonds, which is distinct 

from the presently claimed invention. [ 

I 

Appellants further submit that the teachings of Cannon that the Examiner is : 
relying upon, a£d Cannon itself is inoperable. Attached is an affidavit (Appendix 2) executed 
by Dr. Suresh Vagarali. This affidavit was previously submitted to the Examiner on October 9, j 
2003. In the affidavit, Dr. Vagarali establishes that upon repeating the Examples in Cannon, the 
results as described in Cannon are not achieved. In other words, a brown diamond will not 
change color when treated in accordance with the methods taught in Cannon. As stated in this j 
declaration, Dr. Vagarali conducted four experiments to evaluate the effect of pressure and j 
temperature for changing the color of diamonds as disclosed in Cannon. The experiments were 
run to determine the veracity of the Cannon invention as defined by the statement, "At high 
pressures and temperatures, diamonds grown become more clear and white, but aluminum 
diffusion provides a more marked and contrasting change to colors." (Cannon, col. 6 line 73 to 
col. 7, line I), From the results of the experiments as shown in the affidavit, it is clear that the j 
method disclosed in Cannon does not teach or suggest a method for changing the color of a ; 
diamond, let alone changing a brown natural diamond to a diamond having color as recited in 
Appellants' claimed invention. Cannon does not disclose any combination of conditions that 
will change the color of a brown natural diamond, and does not teach a time sufficient to change 
the color of a diamond. Moreover, Claim 47 claims pressures and temperatures that will impart a 
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fancy color in the diamond. The experiment described in the attached declaration shows that 
Cannon does not teach such a result- 
Furthermore, the present claim 32 recites that the temperature is greater than 
1500° C. Cannon does not teach temperatures greater than 1500° C, and there is nothing in 
Cannon to motivate one of skill in the art to increase the temperature to this range. 

CONCLUSION 

In summary, the claims of the present invention define a process for changing the 
color of a brown natural diamond that is a Type Ia£, Type IaAB, Type laA ot Type lb diamond. 
Applicants respectfully submit that the claims are in condition for allowance, and request early 
notification of allowance . 

A Request for Continued Examination (RCE) Transmittal including an 
authorization to charge the required RCE fee of $790.00 to Deposit Account No. 50-0436 
accompanies this submission. The Commissioner for Patents is hereby authorized to charge any 
additional fees which may be required to Deposit Account No. 50-0436. Please refund any 
overpayment to Deposit Accoiint No. 50-0436. 

Respectfully submitted, 
PEPPER HAMILTQN\LLP 



Anne M. Shyjan 
Registration No, 47,08 



Pepper Hamilton LLP 
One Mellon Center, 50 th Floor 
500 Grant Street 
Pittsburgh, PA 15219 
Telephone: 412.454.5000 
Facsimile: 412.281.0717 
Date: August 7, 2006 
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Abstract 

Absorption and luminescence spectra have been measured for natural crown diamonds before and aller high-pressure;, 
high-teinperaiure CHPHT) tteatrocrtt at 1700-180(fC and after HPHT ircatrncnt at 202S 8 C The reduction of The brown colour 
noied in diamonds with low nitrogen concentration is attributed xo the annealing or plastic deformation. In nitrogen-contamii^ 
diamonds the vacancies released during this annealing arc trapped to form N-V-N centres. In addition, lac phntcrtuirnjicsccucc 
band wilh a scro-phemon line (ZPL) at Z526 eV <4i)0.7 nm), characteristic of decorated slip traces, is reduced in intensity during 
fbis process, cantoning that changes are taking place at the slip traces which have resulted from the plastic deformation At the* 
lower annealing temperatures the N-V-N centres are in the neutral charge state, giving rise to the H3 absorption band, with a 
ZPL at Z4<tt eV nm) ami resulting in a yellow colour. At the higher annealing temperature some nitrogen aggregate* 

decompose, producing single substitutional nitrogen which b an electrical donor. Consequently some N-V-N centres arc in the 
negative charge state, and g*v« rise to die H2 aDsorpiion band wilh a ZPL at 1.257 eV (986.9 nm). The combination of absorption 
in ihe H2 and H3 band*; gives the diamond* a yelJow-green or green colour. Annealing at the highert tcmpft^inire, at pressure? 
very close to die diamond/graphite transition, seems to be effective ax reducing the non-radiative recombination channels in the 
diamonds, and, in while light, many specimen* exhibit bright green luminescence, produced by absorbed energy being re-emitted 
in rhe I-I3 band. To the eye these processed diamonds appear similar 16 the very rare. naiura&yoccurring, 'green traromittcrs'. 
However, because the latter have resulted from much lower geological temperatures, acting over much longer periods of time* 
they contain negligible concentrations ol Single substitutional nitrogen and consequently have low M2 absorption. © 2000 
Elsevier Science S.A. All rights reserved. 

Keywords Colour cuhajiccincnr HPHT process; Kalaral diamond*; Optical ipcarofcopy 


I. Introduction 

In thi$ paper wc report measwvroents carried out to 
understand the processes occurring when the colour of 
natural diamonds (particularly natural brown cuV 
monds) is changed liy annealing at high pressure and 


* Corresponding author. 


high temperature (HPHT). We present the first cvw 
dence thai. In the temperature regime where the colour 
changes take place, annealing phenomena are occur- 
ring at slip traces. 

The majority of natural diamonds have a brown 
colour [1] which makes them less attractive as gem- 
stones. However, recent research has shown riiat, when 
natural brown type Ila diamonds are annealed at 
HPHT. rhe intensity of the brown colour is subsian- 
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tialty reduced [2-4]- (Type Ila diamonds are those 
specimens, which contain too lilUe nitrogen to be de- 
tected using infrared absorption spectroscopy.) 

Following this disclosure, very recent studies have 
been reported [5] on the HPHT annealing of natural 
browA diamonds which had not been pre-sclected to 
chopsc exclusively type Ila specimens. In this case the 
majority of the specimens changed from brown to yel- 
low or yellow/green* and many of the stones exhibited 
an intense green photolurnjnescence when excited with 
blue or ultraviolet light 

In the present investigation we hnve measured ihc 
absorption and luminescence spectra, in lKc ultraviolet, 
visible and near-infrared spectral regions, of a number 
of natural brown diamonds before and after they have 
been annealed in a high-pressure press. We have also 
examined the absorption spectra in the visible and 
near-infrared regions of three diamonds after they had 
been processed commercially at higher temperatures 
than those used in our own annealing measurements. 
In addition, absorption in the defect-induced one- 
phonon region (appro*. 13S0-4OO on" 1 ) of all the 
diamonds was measured to estimate (he concentrations 
of nitrogen present 

These measurements* wbtn considered in the light of 
many previous studies of diamond, allow us to propose 
a model for the processes occurring* The measure* 
ineuts also show that, in many cases, the spectra of The 
processed diamonds are unlike those which arc found 
in nature. 


2. Experimental 

2.1. Selected brown diamonds 

Fourteen pieces of natural diamond With brown 
colour, weighing 10-50 rag (0.05-0.25 carat), were se- 
lected from cuL (i.e. faceted) or rough crystals. Five 
rough crystals were polished to exhibit parallel (110) 
surfaces, which enabled us to observe the distribution 
of nitrogen impurities by infrared spectroscopy. 

The diamonds were heated at 6 GPa and 1700- 
1800 C C for 5 b using a belt type high pressure appara- 
tus [<5]. Each crystal was embedded in powdered NaG, 
boron nitride or graphite. Although one crystal was 
broken mLu two pieces when recovered from th£ high 
pressure cell, the others did not have serious damage. 
The surfaces of rhe crystals became frosty, either be- 
cause of growth (when packed in graphite) or dissolu- 
tion, and the cut diamonds were re-polished to observe 
any colour change. 

Photolumiftcscence spectra were taken for all of the 
crystals at -160 Q C, using a Rcmshaw Raman Imaging 
Microscope fitted with a Kimmon He-Cd laser (325 
nm) and a Linkam cooling stage. This equipment i$ 


designed for microscopic measurements, and we tooJfc 
spectra at 6-10 points for each sample 

Absorption spectra from 400 to 801) nm were recorded 
for three crystals at liquid nitrogen temperature before 
and after the treatment 

Nitrogen concentrations were measured with a 
Bomem Ml 10 FTIft spcctronieter fitted with a Spectra 
Tech IR-PLAN microscope. From three to 10 different 
region* were measured for each crystal using a 200-u.m 
square aperture. Infrared spectra were not taken for 
the crystals after heat treatment, because no change 
was expected at the heating temperature used. 

22 Commercially processed diamonds 

Two yellow/green brilliant-cut diamonds (0.63 and 
033 carat) and one rough green diamond (0/75 carat) 
that had been processed by NnvaDiamond, Inc. were 
also examined. These diamonds were originally low- 
quality brown specimens, and had been heated to ap- 
proximately 202S°C at a pressure of 6 GPa for approxi- 
mately 30 mm 151 

The absorption spectra of these diamonds were mea- 
sured from 400 to 1000 nm at liquid nitrogen tempera- 
ture, and the infrared absorption spectra In the defect- 
induced onfe-phuncm region were measured with a 
Nicolcl Avatar FTCR instrument fitted with a beam 
condenser. 


3. Results 

5.1. Selected brown diamonds 

We begin by reporting the results on diamonds ex- 
amined before and after HPHT treatment, then, in 
Section 32, we consider data obtained from the 
commercially processed specimens. The optical centres 
described (A nitrogen, B nitrogen, H3, N3, 1.945-cV 
and 49t-nm centres) will be discussed in more detail m 
Section 4- 

3 J J. Visual Inspection 

Tbe colours of the faceted diamonds were compared 
by eye again&l master stones before and after treat- 
ment In all cases the intensity of the brown coloration 
was reduced. 

The three diamonds which were examined using ab- 
sorption spectroscopy in the visible spectral region 
(Section 3.1.4) were also examined under an Optical 
microscope before and after treatment. It wa$ dear 
from the surface texture on these diamonds that they 
had experienced severe plastic deformation- The brown 
colour observed before treatment was not uniform, but 
was striated with the stnations oriented in the direction 
of slip. This effect is well-known with natural brown 
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Fir. 1~ The 'uuAmT puOenn chanirtenstie o( ptasdc strain id a brown 
diamond, obtained by ptotagHphuig the diamond with Lranvmtued 
light when placed between crossed polarise**. 


diamonds, and the striatkwis arc often referred to as 
•coloured graining 4 In the gem trade [ll Following the 
HPHT treatment these stnations were less visible, and 
their colour had changed from brown to yellow. 

Observation of the crystals using transmitted po- 
larised light revealed fine textures as shown in Fig. 1. 
The texture is similar to the so-called 'tatamT structure 
[7], The presence of this pattern confirms this visual 
observation that the crystals had suffered plastic defor- 
mation. 

The changes in absorption of these diamonds were 
assessed spectroscop*calty (Section 3.1.4), but examina- 
tion under ihc microscope before and after treatment 
gave the impression that for one diamond (K3) the 
colour was less intense, and had changed from brown 
to pale yellow-brown; the other two diamonds (E3 and 
LI) had yellow components to the colour which ware 
not evidem before ircaiment 

Infrared vhxorption measurements 
Absorption measurements in the one-phonon 
defect-induced absorption region showed that most of 
the diamonds contained nitrogen as niixrures of A and 
B aggregates. The B/A ratios were variable from 20% 
to almost 100%. The highest concentration of nitrogen 
was estimated to be 500 ppm, while one diamond <K3) 
was a near-type tta with very tiitlc nitrogen* Measure- 
ments ai different locations showed that the nitrogen 
distribution was inhoroogeneous in many of the speci- 
mens. 

J./.5. Photolumincsccnec measurements 

Rg. 2 shows a typical example of photolumlnescence 
spectra observed in this study before and after heat 
treatment. The feature labelled D is the Raman line 
produced by the 32S-nm laser and can be used to assess 


U5 

the . relative strengths or the other features in the 
spectrum- Prominent amnng these are the zcro-phonon 
lines at A (491 nm), B (503 nm, H3) and C (415 nm; 
N3). 

We see thai after the HPHT treatment the 491-om 
line has been reduced to approximately one-fifth of its 
initial intensity, the N3 system has increased by approx- 
imately a factor of 4 and a substantial H3 band has 
been produced where very little was observed initially. 
The broad band with a maximum near 740 nm has also 
decreased in intensity following the annealing. 

Of 14 diamonds investigated, nine exhibited the pho- 
tuluminescence peak at 491 nm Following heat treat- 
ment the peak either annealed out completely or do* 
creased considerably, as illustrated in Kg- 2. On the 
other hand, the luminescence intensities of the H3 and 
N3 bands generally increased. 

3. 2.4. Abaorptwn measurements in the visible region 

Fig. 3a shows the absorption spectrum of diamond 
LI before heat treatment. This spectrum Is typical of 
mat for mtrogen-C&ntaining brown diamonds. The ab- 
sorption progressively increases from low energy to 
high energy; superimposed on this coniimrum absorp- 
tion is a broad peak at approximately 2,2 eV, a weak 
H3 absorption band and a very weak N3 band (the 
zero-phonon line is just visible). 

Fig. 3b shows the spectrum after annealing* The 
2.2-eV band is still present, but the continuum absorp- 
tion has been reduced in intensity. There a $muU 
increase in the N3 absorption and a huge increase in 
the H3 absorption. The result of these Variations is to 
change the original brown colour to a pronounced 
yellow colour. 

Similar results were obtained with diamond E3. Orig- 
inally this specimen had some continuum absorption 
and appreciable N3 absorption, giving the Atone a ycl- 
low-hrown colour. There was no detectable H3 absorp- 
tion, but there was a weak band with a zero-phonou 
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Fig. X PirotDlumincscence spectrum of a brown diamond, mcasura^ 
with the sample at -I6(f€. before Mid after annealing it 1S00°C, 
The tealum labelled A-D uie respectively the 4$l-mxi, H3 uftd N3 
zeTO-phonon Hrtes and the Ham an line excited by (be 323- nm lascc 
Tike spectra have been displaced vertically tor darily. 
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Fig. \ Absorption spectra of i brown diamond, m^nrod ^riCL fcc 
sample m 77 K, Ca) before* aiwi Cb) alter annealtog at l$OTC Tho 
5pccira have been displaced vertically fhr darity* 

line at 2386 eV. After annealing* the N3 absorption 
increased by approximately a factor of two, an appre- 
ciable H3 band was produced and lite 2.38 6-eV system 
annealed out Again* this resulted in the colour be- 
coming less brown and more yellow after the heal 
treatment. 

Diamond K3 which had a low nitrogen concentration 
Showed just a featureless continuum before annealing. 
After annealing, the intensity of the continuum absorp- 
tion decreased by approximately 3 factor of 2 and weak 
absorption was produced in the 2.2-eV, H3 and N3 
bands. This diamond, originally brown, was a pale 
yellow-brown after treatment. 

Following the measurement* described in Section 
3.2> the measurement of the absorption spectrum of 
diamond LI was extended to cover the range 800-1000 
nm (1.55-1-24 cV) r but no additional features were 
found. 

3.Z Commtnrialfy processed diamonds 
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Fig. 4. rnrrwd absorption spectrum in the defect-induced" ono-phjo- 
non region of a faceted fipepmcn utter HPHT processus at approxi- 
mately 2025°C Xnc dhJttOod was ai roown umperaiuic and die 
spectral resolution was 0.5 cm" 1 . 

The third (rough) diamond investigated; also origi- 
nally brown, had a distinct green colour (i.e. the ligjit 
ttm&mitted was green), and, in addition, exhibited some 
green luminescence 

3.2.L Infrared absorption measurement 

Infrared absorption spectra were measured for all 
three diamonds in the defect-induced one-phonon re- 
gion. The speemrm for the large faceted diamond is 
shown in Fig. 4, and an approximate analysis shows thai 
it contain* approximately 70 ppm Of nitrogen with mote 
than &0% hi the B form. The small faceted diamond 
contained approximately 300 ppm of nitrogen, wftjh 
approximately 95% in the B form while the rough 
green diamond contained approximately 70 ppm nitro- 
gen, mostly in the A form- Fig. 4 shows a well-defined 
sharp absorption peak at 1344 cm" 1 , and this feature 
was also observed in the rough green diamond, It was 
noW however, detected in the smaller fctceted diamond. 


Hie two faceted specimens that had been processed 
from natural diamonds that were originally brown, had 
a yellow- green colour, and the larger stone CO. 63 carats) 
still had a brown component to its colour (this was 
evident when the two diamonds were examined side- 
by-sidoX In tungsten light on the microscope stage the 
iwu diamonds exhibited bright green luminescence. 
Diamonds with these characteristics are known in the 
gem wade as 'green transmitters 1 [1] and are very rare 
in nature. The description 'green transmitter' is rather 
misleading [l]. The light transmitted by these diamond? 
is predominantly yellow, but the diamonds appear green 
in while light because of their intense luminescence* 
The H3 optical cenu-e is responsible for this behaviour; 
the blue and violet components of white light are 
absorbed and the emission is in the green spectral 
region. 


20 



Photon efiersy C«V) 


Pig. 5. AhsQTjrtign spectrum Us the visible uttd neur-infrn«d rttgicrp 
of a rough diamoAd which h*d * green colour after HFHT processing 
at appro* wnmr-iy 3095*0- TbC spectrum wa$ tntrasurcd with the 
diamond at 77 K 
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The significance of this feature will be discussed in 
Section 4, 

5.22 Visible and near-infrared absorption rhtasuremetus 
Fig. 5 shows the absorption spectrum of the green 
diamond in the spectral range 1.2-3.1 ©V (1000-400 
nm). The H2, 1.945-cV, H3 and N3 zero-phonon line* 
have been identified. The intense H3 band makes the 
diamond almost opaque at the blue end of the spec- 
tram, and the strong H2 band causes appreciable ab- 
sorption at the red end of the spectrum. The net result 
is a t ransmis sion window centred on approximately 2.75 
eV (550 Hill) m the green part of the visible spectrum. 

A precise comparison of the absorption strengths in 
this rough diamond with those in the face Led diamonds 
is not possible because of the difficulty in deteimining 
accurately the optical path lengths. However, we can 
make the following semiquantitative observation^. 

In the large faceted diamond the H3 absorption was 
approximately half the strength of that shown in Hg. 5, 
and The H2 absorption was approximately quarter the 
strength. A well-defined 1 ,945-cV zero-phonon line was 
also present, ax approximately three times the strength 
shown in Fig. 5. There was also a continuous absorp- 
tion increasing from krw to high energies, presumably a 
remnant of the original brown coloration. 

The intensity of the H3 absorption in the smaller 
faceted diamond wait comparable in strength with that 
for the larger face Led .stone, but the H2 band was 5-6 
times weaker, and there was no detectable absorption 
in the 1.945-cV zero-phonoa line. Any rcmiumng brown 
component was very small- 

Because the H2 absorption is relatively weak in these 
two faceted diamonds the green component in their 
colour is much less than in the rough stone for which 
the spectrum is shown in Fig. 5. 


4. Discussion 

To understand the phenomena reported above we 
draw on a large background of previous work on natu- 
ral and synthetic diamond. The presence of nitrogen is 
fundamental in controlling the colour of diamonds. Its 
properties have been reviewed previously [8] and the 
relevant aspects will be summarised here. 

4i. Background 

Itfiirogun is normaEy the major impurity in natural 
diamonds and HPHT synthetic diamonds. A very small 
fraction of natural diamonds has too little nitrogen to 
detect by infrared absorption spectroscopy* and such 
diamonds ate known as type Ila. In most HPHT syn- 
thetic diamond, grown for short periods (typically a few 
minutes to several lens of hours, depending on the final 


size of crystal required) at relatively lew temperatures 
(typically 1400*0, the nitrogen is present at a concen- 
tration of approximately 200 ppm, mostly on isolated 
substitutional lattice sites. At higher temperatures 
(l700*2100°O the nitrogen becomes mobile and forms 
A aggregates (nearest neighbour substitutional pairs). 
Under more extreme annealing conditions (appro*. 
2400*0 some of the nitrogen forms B aggregates which 
comprise four nitrogen atoms syrrmietrically surround- 
ing a vacancy. The majority of natural diamonds con- 
tain nitrogen in the A and B forms, and the activation 
energies for the aggregation processes, derived from 
laboratory experiments, are consistent wiLh the dia- 
monds having spent substantial periods (armrest 10 s1 
yean) below the earth's surface at more modest tem- 
peratures (up to appro*. 1200*0. Diamonds in which 
the nitrogen has aggregated are classified as type la. 

The isolated substitutional nitrogen behaves as a 
deep donor, with an ionisation energy of approximately 
1.7 eV; specimens in which this is the major impurity 
are called type tb diamonds, The A aggregate, which is 
the major impurity in type IaA diamonds, also appears 
to have donor-like properties, with an ionisation energy 
of approximately 4 eV. No evidence has been obtained 
to show that the B aggregate is electrically active. 
Diamonds in which the B form of nitrogen fe thu 
dominant impurity are classified as type laB. 

Each of these three forms of nitrogen gives rise to a 
unique absorption band in the defect-induced onc-pho- 
non region of diamond, most of which lies in the range 
400-1350 cm" 1 . The majority of natural diamonds con- 
tain a mixture of A and B nitrogen, and by decompos- 
ing the absorption spectrum the concentration of each 
form of nitrogen may be determined. Some natural 
diamonds described as type lb contain a mixture of 
single nitrogen and A aggregates! and again the con- 
centrations of each form of nitrogen can be determined 
by decomposing the spectrum into two components. A 
very sensitive indicator that a diamond contains some 
single nitrogen is the presence of a sharp localised 
vibrational mode at 1344 cm" 1 . 

Absorption associated with transitions from the 
isolated substitutional nitrogen donor to the conduc- 
tion band begin at approximately 2 eV in the visible 
region, and there is a slowly increasing absorption at 
higher energies. This absorption at the blue end of the 
visible spectrum gives the diamonds a yellow colour. 
Transitions from the A aggregate to the conduction 
hand, and optical transitions Lhat occur at the centre, 
give rise to absorption in the ultraviolet region. A 
high-quality diamond containing only A- nitrogen is 
therefore completely colourless. 

When the B aggregate of nitrogen forms there is 
another minor product produced which, in optical stud- 
ies of diamond, is referred to as the N3 centre. This has 
three nitrogen atoms on a (111) plane 'bonded' to a 
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common vacancy. Optica! transitions at this centre give 
rise to the N3 absorption band, which has a zero- 
phonon line at 2,985 eV (415,2 nm) and a structured 
band to higher energy. There in another transition at 
the N3 centre which produces the broad N2 peak at 
2.59 cV (478 nm) with weaker peaks ai higher energy. 
Tn 'regular* diamonds (which make up ihc majority of 
diamonds containing B-nitrogcn) the intensity of the 
N2 and N3 absorption is proportional to the concentra- 
tion of the B form of nitrogen. This absorption gives 
the diamonds a pale straw -yellow colour and, in the 
gem trade, these specimens are known as cape stones. 

Much of the above understanding of nitrogen in 
diamond comes from HPtfT aggregation measure- 
ments [9-121 The aggregation of single nitrogen to A 
aggregates may be represented by the equation 

N + N^A CD 

At the temperatures experienced by natural dia- 
monds the reverse reaction is negligible, and the aggre- 
gation process goes virtually to completion over a very 
long period of time [11 J. In the laboratory, at the 
temperatures necessary to achieve aggregation in a 
relatively short time, the reverse reaction is apprecia- 
ble, and it is nor possible lo obtain complete aggrega- 
tion. More importantly, in the context of the present 
paper, if a natural diamond crmtaining only A aggre- 
gates is heated at approximately 2000*C some of the 
aggregates decompose to form single nitrogen [10]. The 
diamond, previously colourless* then has a pale yellow 
colour. 

As stated previously, among mined diamonds, brown 
is ihe most common colour [1]. Tn many cases this 
colour appears to be associated with plastic deforma- 
tion, and the diamonds exhibit coloured graining run- 
ning parallel to the slip lines in the specimen. The 
origin of this brown colour is not known. In diamonds 
containing B nitrogen a cathodnlnmi ncscence emission 
band with a ZPL at 2.526 eV (490.7 nm) can often be 
detected from the slip traces [131 Furthermore, Brooks 
et al. [14] have produced this luminescence in a type 
XaB diamond using an indentation technique, con- 
firming that the centre responsible for the emission b 
associated with plastic deformation. 

Cathodoluminescence measurements enable individ- 
ual slip traces to be examined, and it is seen that the 
emission is polarised with the E-vcctor tying along Ihc 
slip line [13)- This emission band may also be observed 
as pbotohiminescence, and is frequently seen in brown 
diamonds, a$ we have noted in Section 3.1-3. Because 
the emission is not seen at all slip traces, it must be 
-assumed that a slip trace producing this luminescence 
is 'decorated* with a defect centre. One possibility 
might be a B aggregate which has been sheared by Lhe 


do Formation, but this can only be speculation at the 
present time. 

42. Radiation damage 

Radiation damage in diamond using, for example, 
2-MeV electrons, produces vacancies which are stable 
at room temperature. On annealing at approximately 
gQO'C the vacancies become mobile, and, in a diamond 
containing nitrogen, become trapped at the various 
forms of nitrogen to produce new colour centres, In 
type lb diamond a vacancy trapped at single nitrogen 
produces a (N-V)~ centre with a ZPL at IMS eV and 
a vibromc absorption band to higher energy [15], In 
type I* diamond a vacancy trapped al the A or B form 
of nitrogen produces respectively an H3 or H4 centre 
[161 these have vibronic absorption bands with ZPLs at 
IMS (H3) and 2.499 eV (H4X Absorption in the 1 .945 
eV band gives a diamond a pink or red colour, while 
absorption in the H3 or H4 bands results in a yellow, 
orange or brown colour* (The final colour in each case 
will depend on the colour of the diamond before irradi- 
ation, and the intensity of the absorption induced by 
the radiation damage and annealing,) 

Absorption of light in each of the above absorption 
bands can result in luminescence to the low-energy side 
of the corresponding ZPL. In addition, the N3 centre, 
mentioned in Section 3.13, may also produce blue 
luminescence when era' ted in the ultraviolet spectral 
region. The quantum efficiency for the production of 
luminescence is very different in different diamonds. 
High concentrations of nitrogen m the A form severely 
quench the H3 and N3 luminescence [171; this i$ 
probably a general phenomenon for luminescence cen- 
tres in diamond. Other non-radiative decay channel* 
also reduce the intensity of the luminescence produced. 

When natural diamond containing a mixture of A 
and B nitrogen has been subjected to irradiation da- 
mage and annealing, as described above, H3 and H4 
centres are formed. For a range of diamonds, Davies 
[16] showed thai the ratio [H3]/[H4] is proportional to 
the ratio [Aj/IB), where the brackets indicate the con- 
centrations of defects, obtained by absorption spectros- 
copy. Some natural diamonds are found in which the 
H3 absorption occurs naturally. Natural brown dia- 
monds, for which a typical absorption spectrum is shown 
in Fig. 3a, often have some H3 absorption, and occasio- 
nally yellow diamonds odiibii H3 absorption, some times 
in association with green luminescence (the so called 
'green transmitters' mentioned previousry io Section 
3.2). Although these naturally coloured diamonds may 
contain nitrogen in both the A and B forms, Ibe H4 
absorption is usually undetectably weak. 

Collins [18] examined the effect of •high-tempera- 
ture* annealing on diamonds that had been irradiated 
and annealed to produce the H3 and HA absorption* In 
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particular, it was found that, when a diamond, which 
contained predominantly H4 absorption after anneal- 
ing at 800X, was further annealed at 1500°C the H4 
absorption was considerably reduced in intensity and 
ihc H3 absorption had increased, producing a Venation 
more nearly like that seen in natural diamonds. Collins 
interpreted this behaviour as the H4 centre breaking 
up to form H3 centres and small concentrations of 
other defects like (N-V)' centres. In the contract of 
the present paper those measurements show that the 
H3 centre L» mote stable than the H4 centre at the high 
annealing temperatures employed, 

Collins [19] showed further that when bathetic dia- 
monds that had been irradiated and annealed at 600^ 
were annealed again at 1S0CTC, substantial aggregation 
of the single nitrogen occurred, even thougti the tem- 
perature used was well below that required to produce 
aggregation in unirradiated specimens, He attributed 
this behaviour lo a vacancy-enhanced aggregation 
phenomenon. During the annealing, some H3 absorp- 
don was produced as a result of vacancies being trapped 
at the newly-formed A centres. 

Miu er aJ. [20] ufeo investigated the effect of high- 
icmpcraiure annealing of synthetic diamonds that had 
previously been subjected to radiation damage and 
annealing at 80O°C Initially the diamonds had an in- 
tense pink colour because of absorption in the (N-V)~ 
b&nd. After annealing at 1700°C a large traction of the 
single nitrogen had formed A aggregates, the absorp- 
tion due to the (N-V)" centre had become very weak, 
and the diamonds had an intense green colour as a 
result of absorption being produced in the H3 and H2 
optical bands. (The absorption spectra were similar to 
those shown in Fig. S.) Mita ot aJ. also observed pho- 
tochroniic effects m which the intensity of the H3 
absorption could be increased, and That of H2 de- 
creased* and vice-versa, by irradiating the diamond with 
light of the appropriate wavelengths. These observa- 
tions led [him to propose that the H2 centre was a 
negative charge state of the H3 centre, and was 
favoured in their diamonds because the Fermi tevel 
was shifted well towards the conduction band, due to 
the presence of single substitutional nitrogen, Lawson 
et al. [21J subsequently carried out uniaxial stress mea- 
surements on ihc H2 and H3 zero-phdnon lines and 
showed that, the symmetries of the centred were the 
same and the shift rates of the ZPLs with applied stress 
were very similar, giving substantial support to the 
proposal by Mita ei aL 

Toe *Fetmi level' in diamond has to be interpreted 
rather differently from that used in silicon, for exam- 
ple P Even when diamond contains single substitutional 
nitrogen donors, it is still an insulator, and charge 
equilibrium throughout the crystal is not achieved. If 
we assume that the Fermi level is 'pinned* at the defect 
centre, then in the immediate vicinity of a single substi- 


tutional nitrogen atom the Fermi level will be approxi- 
mately 1.7 eV below the conduction band, whereas in 
the immediate vicinity of an A aggregate the Fermi 
level will be approximately d eV below the bottom of 
the conduction band. Consequently defect centres can 
be observed in more than one charge state in the same 
diamond. 

Finally in this section we note thai, if a type la 
diamond that has been irradiated and annealed to 
produce H3 and H4 centres Is subsequently given « 
prolonged annealing at 1WC, some H2 absorption 
may be produced [221 Woods and Coffins [23] referred 
10 a 'drab, unappealing green colour* being produced 
as a result of this process, but in some cases the green 
colour can be attractive [229. 

43. hucrprtmUon ofHPHT annealing 

The observations reported in Lh is paper, taken with 
the information from Sections 4.1 and 4,2, allow us to 
propose the following model for the colour change* 
produced by the HPHT annealing of natural diamonds. 

We have seen that, in many cases, the brown colour 
of the diamond* under investigation is associated with 
plastic deformation. In the vicinity of the lattice planes 
which have encountered slip there is likely to be a higb 
concentration of broken bonds. We have also seen that 
in diamonds containing nitrogen in the B form, there is 
a defect centre localised at the slip planes which gives 
rise to a luminescence band with a ZPL at 490.7 run 
(2,526 eV). In some diamonds this deFcct can be pre- 
sent in sufficient concentrations to be observed using 
absorption spectroscopy [24]. 

When, such diamonds are taken to usmperaiures and 
pressures where it is known that synthetic diamond can 
be grown, we propose that there will be some healing 
of any ruptured bonds at the slip planes. Such a process 
would result in the release of significant concentrations 
of vacancies and InteistitiaJs. Vacancies may also be 
released by the interaction between moving disloca- 
tions. 

We consider first the annealing measurements car- 
ried out at 1600°C Evidence that changes are occur- 
ring at the dip planes is the reduction in the intensity 
of the 490.7 run luminescence, shown in Fig- 2. 

In diamonds with negligible concentrations of nitro- 
gen we may assume that the vacancies disappear by 
annihilation with the intcrsritials. Consequently no new 
colour centres are formed and the end result is a 
diamond in which the brown colour is greatly reduced. 
This phenomenon has been reported previously E2-4i 
and has been reproduced in the present investigation 
lo a limited extent, 

if the diamonds contain aggregated nitrogen, the 
vacancies are trapped by the nitrogen to form H3 
centres (we have noted above thai H4 centres arc le*s 
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stable Lhan H3 centres at high temperature, and so 
presumably do not form at all under these conditionsX 
After the high- temperature annealing we therefore 
observe an increase in the H3 absorption (Fig. 3b). 
There is some nitrogen mobility at the temperature 
used, and it is perhaps not surprising thai the absorp- 
tion intensity of the band also increases (Fig. 3b) 
although the processes involved here are le$$ clear at 
the present time, 

At the higher temperatures used commercially the 
reverse reaction in Eq. (l) becomes Significant, and 
appreciable concentration* of single substitutional ni- 
trogen are produced by the break-up of some A aggre- 
gates. This results in the localised shifting of The Fermi 
level towards the conduction band Consequently, as 
well as the processes that occur for lower annealing 
temperatures (180(^0, some N-V-N centres will 
therefore be in the negative charge state and give rise 
to an H2 absorption band. In addition, because vacan- 
cies trap at the single substitutional nitrogen form 
(N-V)- centres, absorption at the 1.945-eV ZFL may 
be detected, as m Fig. 5, In some case* it is also 
possible to observe, just outside the one-phonon de- 
fect-induced absorption, the 1344 cm" 1 localised vibra- 
tional in ode, characteristic of isolated substitutional 
nitrogen (F|g. 41 Two of the three commercially 
processed diamonds investigated showed the L945-cV 
ZPL and the 1344 cm~ l localised vibrational mode, 
and ali had appreciable H2 absorption although, in 
only one diamond (ftg, 5), was this sufficiently intense 
to produce a green body colour. 

It has been reported thai, in order 10 obUin strong 
H3 luminescence, it is necessary to anneal the dia- 
monds at 2025*0, find that, if slightly higher tempera- 
tures are used, the diamond graphitises [5]. More work 
needs to be carried out to understand why annealing at 
conditions close to the diamond-graphite transition 
increases the luminescence efficiency in some dia- 
monds. 


5. Summary 

From the results of measurements that we have 
carried ouL before and after subjecting natural brown 
diamonds to annealing at 1S00°C, and from studies 
made on similar diamonds that have been annealed to 
2025°Q we have proposed a model for the processes 
involved. 

At the lower temperature, partial healing of the 
plastic deformation associated with the brown colour 
relcases vacancies and inters titials. In a type Ha dia- 
mond there is a mutual annihilation of these vacancies 
and interstitial*, and the end result is $hnpry a lighten- 
ing of the brown colour. In a type la diamond, vacan- 
cies are trapped by the nitrogen to increase rhe con- 


centrations of H3 and N3 centres. In this case the 
original brown colour is reduced, and the H3 absorp- 
tion results in a yellow colour. The disappearance of 
the luminescence from the 1526 eV centre, which & 
associated with the slip planes in diamonds containing 
B nitrogen, provides evidence that changes are taking 
place at the shp planes. Emission from this centre can 
also originate from growth planes [33), and it is as* 
$ umed thai the residual 2*526-cV hJminescence (typi- 
cally 10-20% of the original) observed in some dia- 
monds is associated with growth, rather than slip. 

At the higher annealing temperature, in addition to 
the increase in the N3 and H3 absorption* single substi- 
tutional nitrogen is produced by the break-up of some 
A aggregates. The presence of this form of nitrogen 
favours some (N-V-N) ocnircj being in the negative 
charge state* thereby producing absorption in the 
band, and giving a green component to the colour. A 
small amount of CN-V)* absorption, and some 1344 
cm*" 1 absorption may also be observed. By using a 
combination of temperature and pressure very close to 
the diamond-graphite stability line many of the dia- 
monds become strongly luminescent The spe aniens 
then share some of the characteristics of the rare 
natural diamonds described as 'green transmitters'. 

Many phenomena that occur in diamond at geologi- 
cal temperamrcs (typically 750-1300*C [12D over ex- 
tremely long limcscalcs (10* years, or more) can be 
simulated in the laboratory at much higher tempera- 
tures in modi shorter periods. However, the end results 
are not always the same. In particular, wc note that in 
natural diamonds the aggregation of single nitrogen 
goes virtually to completion, whereas the reverse reac- 
tion at higher temperatures precludes this being done 
in the laboratory. 

We assume thai rhe green transmitters encountered 
in nature are stOncs which had experienced plastic 
deformation followed by a long period of annealing* Qt 
is probable that most plastically deformed diamonds 
experienced this deformation during eruption to the 
surface, and that a relatively modest amount of anneal- 
ing occurred thereafter. These diamonds are therefore 
brown, rather than being green tiansmitters-) However, 
this natural annealing does not produce strong H2 
absorption, and, in a diamond containing both A and B 
nitrogen there will certainly be no absorption at 1344 
cm" 1 . The green-luminescing diamonds that result from 
HPHT annealing at approximately 2025°C are there- 
fore easily differentiated from the natural green trans- 
mitters. 

In retrospect it is probable that the batch of gree$ 
transmitters, with strong H2 absorption, examined re- 
cently by Buerki et al. (25) were originally brown dia- 
monds that had been treated at HPHT by a process 
similar to that being used by NovaDiamond. (It is 
known, for example, that Russian groups arc subjecting 
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natural brown diamonds to HPHT treatment, and sup- 
plying them to the gem market [26,27].) B^e^ et aL 
made the reasonable assumption that the diamonds 
they examined had been irradiated and annealed at 
approximately 14O0°C; since this procedure is kaoWiX to 
produce K2 absorption 1221 However, one Of the dia- 
monds (labelled #3S4X for which they show spectra, 
haa the majority of the nitrogen in the B form, but 
shows no H4 absorption. That situation would not be 
produced by radiation damage and annealing at 140CTC 
[23L but it is entirety typical of diamonds that have 
been annealed at 2025 e C Buerki et aL rightly believed 
that the diamonds they examined were artificially 
coloured, but almost certainly for the wrong reasons. 


& Postscript 

After this paper was submitted, one of the authors 
(ATQ had the opportunity to examine two diamonds 
before *nd after they had been processed by NovaDiar 
mond. One specimen, weighing 3S7 mg (1.79 carat)> was 
brown, with the coloured graining characteristic of 
plastically deformed type la diamonds. The total nilro* 
gen concentration was approximately 650 ppto, with 
approximately 80% present as B aggregates. After pro- 
cessing, this stone had a similar yellow/green colour to 
the specimens described hi Section 3.2 and, like those 
specimens, exhibited green luminescence in white light. 

The second diamond, weighing 372 mg (1.56 fcaratX 
was a pale yellow cape stone in which the colour was 
exclusively due to absorption in the N2 and N3 bands. 
There was no evidence in this diamond tot plastic 
deformation. The specimen contained a total nitrogen 
concentration of approximately 1500 ppra with approxi- 
mately equal quantities present as A and B aggregates. 
After processing, the diamond had an intense yellow 
colour, but did not exhibit any luminescence in white 
light. 

The absorption spectra of this diamond before and 
after processing are shown in Fig. 6. Tbt continuous 
absorption al high energies, present after processing 
(Fig. 6b), is caused by single substitutional nitrogen, al 
& concentration of approximately 25 ppm. Tt is just 
possible to detect absorption in the H3 and H2 (not 
shown) zero-phonon lines, but the absorption is negligi- 
ble in comparison u> that produced in the brown dia- 
monds, and makes no significant contribution to the 
colour. 

These observations substantially confirm the inter- 
pretations outlined in Section 4.3. Because the cape 
stone contained a negligible amount of plastic defor- 
mation, virtually no vacancies were released during the 
HPHT treatment and consequently only very small 
concentrations of H3 and H2 centre$ were produced. 
In the absence of H3 absorption, very clear evidence 
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Fig. 6. Ateorpdon spear* In *c v«W* regtcn of a cape atone (i) 
before, a»d G») after, HPHT processing at approxfawicly 202^C TAte 
ipcctra *erc measured wW> ifcc diamond ai 77 K. 

can be seen for the production of single nitrogen atoms 
[from the break-up of A aggregates — see Eq. (DJ, 
resulting in the continuous absorption in Fig. 6b. It wacs 
also possible, m this diamond, to detect the l344-cm~* 
absorption peak characteristic of single nitrogen atoms, 
although this was difficult because of the intensity of 
the pre-existing absorption in this region. In addition, 
this diamond and the brown diamond had a weak 
absorption at approximately 14S0 cm" 1 tti the infrared 
spectrum, which was not present before processing. A 
peak ar around this position has been reported previ- 
ously {281 in diamonds subjected to HPHT treatment in 
the range 250O-275O°C 

Diamonds which exhibit absorption in the visible 
region characteristic of a type lb diamond, but which 
have an infrared spectrum showing that the nitrogen is 
predominantly present as A and B aggregates, art 
encountered very rarely in nature. There is therefore a 
high probability that a diamond with such 3. spectrum 
has been processed at HPHT, and further tests would 
be required io determine whether the colour were 
f&axural. 
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